228 words; limited 250) 19 Forward masking is traditionally measured with a detection task in which the addition of 20 a preceding masking sound results in an increased signal-detection threshold. Little is known 21 about the influence of forward masking on localization of free-field sound for human or animal 22 subjects. Here we recorded gaze shifts of two head-unrestrained cats during localization using a 23 search-coil technique. A broadband (BB) noise masker was presented straight ahead. A brief 24 signal could come from one of the 17 speaker locations in the frontal hemi-field. The signal was 25 either a BB or a band-limited (BL) noise. For BB targets, the presence of the forward masker 26 reduced localization accuracy at almost all target levels (20 to 80 dB SPL) along both horizontal 27 and vertical dimensions. Temporal decay of masking was observed when a 10-ms inter-stimulus 28 gap was added between the end of the masker and the beginning of the target. A large effect of 29 forward masking was also observed for BL targets with low (0.2-2 kHz) and mid (2-7 kHz) 30 frequencies, indicating that the interaural timing cue is susceptible to forward masking. Except at 31 low sound levels, a small or little effect was observed for high-frequency (7-15 kHz) targets, 32 indicating that the interaural level and the spectral cues in that frequency range remained 33 relatively robust. Our findings suggest that different localization mechanisms can operate 34 independently in a complex listening environment.
INTRODUCTION 38
In audition, masking refers to the ability of an additional sound to interfere with the 39 perception of a target sound. With regard to the timing of the masker and the target, there are 40 three general classes of masking: simultaneous, forward or backward. In a complex environment, output of the coil system to degrees of visual angle. 140 Both cats had participated in previous auditory and visual tasks. The only additional 141 training required for the present study was a quick adaptation with softer maskers (30 dB SPL) 142 and longer targets (i.e., 100 or 50 ms) for a few days (data not included here). Cats performed the 143 experiment with their heads unrestrained with a feeding tube attached to the head post. In each 144 trial, the cat was required to fixate an LED presented from straight ahead (0°, 0°) and maintain 145 gaze fixation within the acceptance window for a variable period of time (600-1000 ms). For 146 control trials, no sound was played along with the fixation LED. During a forward masking trial, 147 a broadband (BB) noise masker (0.1-30 kHz) was played at (0°, 0°) over the same time period as 148 the LED (Fig. 1B) . For both control and masking trials, when the LED and/or the sound masker 149 were extinguished, a short acoustic signal (25 ms) was presented from one of the 17 speakers 150 immediately (called FM0) or 10 ms (called FM10) after the termination of the fixation light and 151 the masker sound (Fig. 1B) . The cat was required to make a gaze saccade to the apparent 152 location of the signal. If during the 600-1000 ms following the offset of the LED, the gaze 153 remained within a specified acceptance window around the target location, the cat was given a 154 food reward. Data were analyzed regardless of whether a reward was received. Forward masking 155 trials were randomly mixed with control trials and other types of trials (e.g., visual-target trials).
156
The 25-ms target was either a BB noise (0.1-30 kHz) or a band-limited (BL) noise. Three the duplex theory, this arrangement ensured that the low frequency covered only the ITD cue, the 161 mid frequency had some ITD but mostly ILD cue, and the high frequency had both ILD and 162 spectral cues (see Sabin et al. 2005, their Fig. 11 ; see Discussion for the limitation of the duplex 163 theory and the possible role of envelope ITD cue). The overall sound level of the BB noise 164 masker was fixed at 50 dB SPL. The overall sound level of the BB or BL target varied between 165 20 and 80 dB SPL. All the noise tokens (the masker or the signal, BB or BL) were independent 166 samples but were kept frozen for each condition. To verify that the major results were not 167 associated with special tokens of frozen noise, several conditions were repeated using different 168 frozen noise samples. perception at the front center or by failure of localization or detection 1 , the start and the end of 179 the "saccade" were chosen to be 200 and 600 ms, respectively, to get a final gaze position for 180 that trial (usually close to 0 degree); those trials were excluded in computing the response 181 latency.
182
The localization performance was measured by comparing the actual gaze shift with the 183 motor error (see Tollin et al. 2005 for details). The motor error was the difference between the 184 target-in-space position and initial gaze positions when the target was turned on. The motor error 185 describes the magnitude of the gaze shift needed to acquire the target position given the initial 186 gaze position. For most trials, the gaze motor error was nearly equivalent to the position of the 187 target in space since the animal was initially fixating at or near (0º, 0º). To quantitatively 188 measure the localization performance across all target locations, a linear function was fit to the 189 data separately for the azimuthal and/or the elevational components of target locations ( Fig. 2A 198 Using the empirical data set, the standard deviation of the residuals of the fitted function 199 was computed to measure the distribution of behavioral responses about the mean gain. This 200 value, referred to as δ, provides a numerical estimate of the precision (or consistency) of the 201 localization responses (see also Moore et al. 2008) . Bootstrapping was also used to obtain an 202 estimate of the 95% confidence intervals of δ.
203
To statistically determine whether or not forward masking had an effect on the 204 localization accuracy or precision, a slightly different algorithm of bootstrapping (Moore et al. Fig. 2A, bottom) . When a BB forward masker (50 dB SPL, 600-750 ms) was 225 presented at the front center (0º, 0º), the target positions were overall underestimated; that is, the 226 final gaze positions were more towards the fixation center and further away from the actual 227 target locations in the presence of a forward masker (Fig. 2, B and C, top) . Consequently, the 228 linear regressions had shallower slopes ( Fig. 2B and 2C, bottom) , and the gain/accuracy 229 decreased. In addition, δ increased, indicating lower precision, i.e., more scatter in the gaze 230 response as a result of larger trial-by-trial variability (Fig. 2, B and C, top). The masking effect 231 was larger when the target was presented immediately after the termination of the masker ( Fig.   232 2C, FM0) compared to when there was a 10-ms inter-stimulus gap ( Fig. 2B, FM10 ).
233 Figure 3 summarizes the masking effect on localization accuracy for all target sound 234 levels (20−80 dB SPL). Although the masking effect was largest at the lowest levels (20 or 30 235 dB SPL), the effect persisted at higher sound levels when the target can be easily detected. A 236 significant decrease in the gain (p < 0.05; closed symbols) from the control was observed at all 237 sound levels for Cat 33, and all but the highest two levels in elevation for Cat 36. In agreement 238 with the detection studies, temporal decay of masking was observed for both cats: localization 239 accuracy in the FM10 condition fell between that of the FM0 and the control for most of the 240 sound levels (Fig. 3) . Therefore, the observed influence of the masker on the localization of the 241 signal is likely to be a true masking effect, rather than an artifact (e.g., the cat did not know 242 whether it should respond to the masker or the target sound).
243
Besides causing underestimation of the spatial location of a BB target, the presence of a 244 BB forward masker generally led to more scatter in the gaze response for all but the lowest 245 sound level (Fig. 4A ). In other words, for relatively loud sound levels, the gaze shift was in the 246 direction of the target but not precise, and it varied trial by trial. As was true with gain, for most 247 of the sound levels, δ obtained in the FM10 condition lay between that of the FM0 and the 248 control ( Fig. 4A ). However, at the lowest sound level, 20 dB SPL, δ for FM0 was significantly top; not shown) indicated that the cats did not move their gaze away from (0°, 0°) for most of the 251 trials. It is possible that the signal was completely masked by the forward masker with no inter-252 stimulus gap at this sound level, or the sound level (20 dB SPL) was close to the masked 253 detection threshold. There was also the possibility that the signal was detected but the location 254 was undetermined. However, since we did not do a detection study to measure the threshold, nor 255 could we communicate with the subjects, we were unable to make any judgment of the signal 256 perception at low levels.
257
There was a negative correlation between the gain and the δ when combining all the 258 conditions (masked or unmasked) and levels for either horizontal or vertical gaze movement (Fig. 259 4B). This correlation was significant (p < 0.05) except for Cat 36's vertical movement (-0.38) . In 260 general, larger scatter was associated with lower gains for localization of a BB target, and the 261 localization performances in azimuth (blue) and elevation (red) were comparable.
262
The presence of a forward masker also increased the response/gaze latency, especially at 
Localization of low-frequency targets was highly affected by forward masking 270
According to the duplex theory, horizontal localization of low-frequency sound depends 271 on the ITD cue. The example in Fig. 6 shows that, following a BB masker, the localization of an 272 80 dB SPL low-frequency BL target (0.2−2 kHz) became highly inaccurate (compressed gains) 273 ( Fig. 6B ) as compared to without a masker ( Fig. 6A ). This was the case for all the sound levels 274 tested (50, 65, and 80 dB SPL) and for both cats (Fig. 7A ). We did not test sound levels lower 275 than 50 dB SPL.
276
However, forward masking did not affect the precision for either animal (Fig. 8A ) except 277 for one condition with Cat 36 (Fig. 8A , bottom, 80 dB SPL). Forward masking tended to increase 278 the latency of the response for Cat 33, but not for Cat 36 (Fig. 9A ). Nevertheless, because the 279 perceived locations were highly compressed towards the front center as measured by the gain 280 ( Fig. 7A) , it is fair to conclude that the binaural mechanism based on ITDs is highly susceptible 281 to forward masking. 282 It is believed that the mid-frequency notch introduced by head and pinna filtering 283 properties is critical for localization in elevation (7−15 kHz for targets within ±30º, Musicant et 284 al. 1990, Tollin and Koka 2009a, b) . Here an interesting finding is that, even for the frequency 285 range (0.2−2 kHz) far below the notch frequencies, the cats were sometimes able to perceive the In contrast, when high-frequency (7−15 kHz) BL targets were likely to be well detected 296 (≥ 35 dB SPL), the localization accuracy was barely affected by forward masking (Fig. 7C ).
297
Although for one cat (Cat 33) the decrease in gain for FM0 at 65 dB SPL was significant ( decreases in gain for FM0 ( Fig. 7C ). This decrease of gain was also accompanied by a large 302 increase of δ (Fig. 8C, bottom) , implying that the target was still detectable. Nevertheless, the 303 detection mechanisms, rather than the localization mechanisms, are likely to play the major role 304 at this sound level. 305 Overall, these data indicate that the ILD cue, as well as the spectral cue including the 306 important spectral notches (7−15 kHz), is more robust than the ITD cue under forward masking.
308
Localization of mid-frequency targets can be affected by forward masking 309 For Cat 33, the localization accuracy of mid-frequency (2−7 kHz) targets was 310 significantly affected by forward masking at all sound levels (Fig. 7B, top) . For the other cat, the 311 change of gain was less consistent (Fig. 7B, bottom) . δ decreased at the lowest level tested (25 312 dB SPL) for both cats, and also at 65 dB SPL for Cat 33 (Fig. 8B) . The latency increased with 313 the forward masker for low and medium sound levels (Fig. 10) . Overall, the binaural localization 314 mechanisms, possibly a mixture of ITD and ILD cues, were affected by forward masking. Again, some degree of elevational information was perceived by the cats when there was no masker (Fig.   316 7B). This subtle elevational cue was not robust under forward masking.
318
Correlations between localization accuracy and precision 319 Figure 10 shows the correlations between gain (accuracy) and δ (response scatter) for 320 different BB and BL conditions. As described earlier (Fig. 4B) , there were negative correlations 321 between gain and δ (i.e., positive correlations between accuracy and precision) for BB targets, 322 since a lower gain was usually accompanied by larger scatter except at the lowest sound levels.
323
In contrast, there was no consistent correlation for the BL conditions, although generally 324 speaking, for the horizontal dimension the correlation was more likely to be negative (dark bars), conclusion can be derived with the new frozen noise that forward masking affected the ITD but 334 not the ILD cue (Fig. 11 , left two conditions). For Cat 33, the localization of the new low-335 frequency noise was also highly affected ( Fig. 11, third condition) . Although we did observe a 336 significant decrease in the horizontal performance for the high-frequency noise (Fig. 11 , last 337 condition), it was less dramatic compared to its low-frequency performance. Note that this cat 338 always showed larger influence of masking than the other cat did, for both BB (Fig. 3) and high-339 frequency BL (Fig. 7C) targets. The present study found that forward masking had a significant effect on the localization 344 of broadband, low-or mid-frequency band-limited sound over a large range of sound levels. We 345 believe that the masking effect observed here was not an artifact since we observed temporal release of masking when a 10-ms inter-stimulus gap was added between the masker and the 347 signal. In addition, we often observed systematically increased gaze latencies when the masker 348 was added and the gap was removed, reflecting more difficult decision making.
349
Our results obtained with the BL targets indicated that ITD information carried by low-350 frequency sound becomes highly unreliable under forward masking, while the ILD and spectral 351 cues are relatively unaffected. One possibility is that the ability of the subject to integrate neural 352 information varied with different cues. For example, comparing the localization performance for 353 FM0 and FM10, we found that the masking effect can be notably reduced even after a 10-ms gap.
354
For the ILD and high-frequency spectral cue, it is possible that the subject can make the 355 judgment based on the latter part of ongoing information for the 25-ms target, thereby creating 356 large temporal decay of masking. In contrast, if the binaural mechanism for ITD weighs heavily 357 on the onset, which suffers the largest masking effect, it will not be surprising to observe a 358 pronounced degradation of localization performance at low frequencies. This so-called "onset 359 dominance" has been demonstrated by many sound-lateralization studies using pulse trains, 
363
To test whether the large masking effect observed at low frequencies was due to onset-364 ITD dominance, we doubled the target duration to 50 ms (Fig. 12, right, top first) for Cat 36. If 365 the localization of the low-frequency target following a forward masker was only determined by 366 the onset ITD of the target, we expect to see similar performance with the FM0 (50-ms duration) 367 and the FM0 (25-ms duration; Fig. 12, right, second) . However, the localization accuracy 368 obtained with the long-duration target was considerably higher than that of the short-duration 369 target ( Fig. 12, left, blue) . We further tested the 25-ms target with an inter-stimulus gap of 25 ms 370 ( Fig. 12, right, bottom) , which had the same offset time as that of the longer-duration sound. The 371 localization accuracy of the FM0 (50 ms) was also better than the accuracy of the FM25 (25 ms) 372 ( Fig. 12, left, blue) , indicating that the cat was able to integrate ITD information along the whole 373 stimulus duration, rather than focusing on the end where the masking effect was the least.
374
Therefore, we believe that the large masking effect observed at low frequencies was due to 375 disruptions of both onset and ongoing ITD cues, rather than the subject's incapability of using 376 ongoing ITD cues.
However the mechanism is affected, our results are in agreement with the general 378 findings of binaural sluggishness (e.g., Grantham and Wightman 1978, 1979; Kollmeier and 379 Gilkey 1990), which is typically examined by using headphone stimulations with ITDs. For 380 example, in the presence of a continuous masker, an estimated "binaural minimum integration 381 time" of more than 40 ms is required to detect the ITD of a signal. In the present study, the signal 382 was 25 ms in duration following a long (> 600 ms) masker. If similar integration time is needed 383 for free-field sound localization based on ITDs, then we would expect that a large masking effect 384 would be observed with the 25-ms signal, but not with the 50-ms signal.
385
In addition, previous localization studies found that simultaneous masking does not 386 significantly affect localization for large SNRs (Good and Gilkey 1996; Lorenzi et al. 1999) .
387
Because these studies use long-duration signals, the binaural sluggishness is presumably not an 388 issue. It is also likely that the auditory system can better counteract the masking effect by 
394
Despite the long held belief that ILD is the major cue for localization of high-frequency 395 sound, many studies have pointed out that localization at high frequencies may also utilize the 396 envelope ITD cue (e.g., Klumpp and Eady 1956; Henning 1974; Nuetzel and Hafter 1981; 397 Bernstein and Trahiotis 1994). However, listeners' ability to follow the envelope fluctuation 398 decreases at high modulation rate (Nuetzel and Hafter 1981; Bernstein and Trahiotis 1994) . The 399 bandwidths of the BL targets in the present study were much broader than the critical bands.
400
Although we cannot eliminate the possibility that some envelope ITD cue was present and used 401 by the cats to localize high-frequency sound, future studies should test truly narrowband stimuli, 402 so that the envelope modulation is slow enough for the subjects to follow for the purpose of conditions, we found that the localization accuracy changed systematically when a masker was 413 presented with a 10-ms gap and further when the temporal gap was removed. For BB targets, this 414 decreased accuracy (i.e., undershooting the true target locations) was usually accompanied by 415 larger trial-by-trial variations, except at low sound levels. It seems that when all three cues can 416 be used for localization, there was consistency in the localization behavior across sound levels 417 and subjects. For BL targets, the systematic change in the gain created by forward masking was 418 not accompanied by a systematic change in the precision. In general, we suspect there are three 419 types of situations. First, the target location can be easily identified. For most of the control 420 conditions with the BB targets, or some of the control conditions with the BL targets located in 421 the horizontal plane, from trial to trial the subjects consistently (a small δ) and accurately (a high 422 gain) responded to the true location or its vicinity. The second situation occurred when a masker 423 was presented but the target was likely to be well detected with abundant localization cues, such 424 as the case of BB targets at high levels. In each trial, the subject may have a definite perception 425 of the target location, but it varied from trial to trial because of the influence of the masker. This 426 would result in a low gain and a large δ (a negative correlation). However, there was also a 427 possibility that the target location, or some dimension of the target location, was ambiguous to 428 the subject. For example, for low-or mid-frequency BL targets located in the sagittal plane, the 429 most important elevational cues were deprived and the perception of target locations may be 430 strange. The subjects were found to generate little vertical movements in these cases, resulting in 431 a low gain and a small δ (a positive correlation). This situation may also occur when the target 432 was close to or below the masked detection threshold. This could be the case for the BB targets 433 at the lowest two levels (Fig. 4A ), but since we did not measure the detection threshold, we were 434 uncertain whether or not this was true.
435
Besides localization accuracy and precision, acuity is a measure of relative localization, 436 which is normally assessed by examining the smallest angle between two sources that can be 437 discriminated. Intuitively, acuity should be related to precision. However, Moore et al. (2008) 438 found that in some cases when the accuracy is poor, the acuity is poorly correlated to precision. Future studies should examine the effect of forward masking on sound-source discrimination to 440 see whether a systematic change can be observed (like the accuracy) or not (like the precision).
441
In addition, we believe that neither the accuracy nor the precision is always related to the 442 correlation coefficient between the responses and target locations. For example, if the response 443 always undershoots (low precision/gain) but is proportional to the target location, there can still 444 be a high correlation coefficient between the responses and target locations. The "localization aftereffect" describes the phenomenon of perceiving a second sound 448 away from its true location after being exposed to a previous sound from the same location 449 (Getzmann 2003; Kawashima and Sato 2012). Since the masker was fixed at the front center in 450 the present study, we could only examine those trials when the targets were also presented at the 451 front center. For Cat 36, in the absent of the masker, the unsigned error (i.e., the distance targets at relatively high sound levels, it is obvious that under forward masking, the localization 469 of peripheral targets (close to 50° in either direction) was no more accurate than the localization 470 of targets that were closer to the central masker (an example shown in Fig. 2, B and C) . At low 471 sound levels, the cats could not localize the majority of targets, whether central or peripheral.
472
Therefore, spatial release from forward masking was not observed in terms of localization or 473 detection.
474
There are several possible explanations for our finding on the lack of spatial release. 475 First, only targets in the frontal hemi-field within a rather limited range, ±50° in azimuth and 476 ±30º in elevation, were tested. The observation may be different when larger angles (such as up 477 to ±90º in the front, or even in the back hemi-field) are included. The observation may also be 478 different if the masker is located off center, so that the masker and the target can be on the same 479 side or different relative to the subject. Of particular interest is the masking effect on localization 480 of low-frequency BL noise or tones to match those headphone studies.
481
Second, when sound is delivered through headphones, the subject may detect the signal 482 (Sπ) by comparing the sound waveforms across ears. In other words, the detection can be done 483 by examining any interaural difference, i.e., an alteration of the masker because of the addition 484 of the signal. It does not require that the signal is separable from the masker. This strategy cannot 485 be used in free-field localization, for which the source of the signal has to be separable. 486 Last, in a free-field condition where sounds originate from different locations, the 487 subject's attention may be drawn to the masker and its vicinity, which makes the detection or 488 localization of a faraway signal less efficient. Studies have shown that listeners can modulate 489 spatial attention in a detection task by attending to expected target locations and withdrawing 490 attention from expected masker locations (Allen et al. 2011) , and thus spatial release from 491 masking may only occur for attended location (Allen et al. 2009 ). In the present study, because 492 the masker was always presented at the front center and preceding the signal, the cat's attention 493 was very likely to be drawn to the front center, and thereby showing no release for peripheral 494 targets. Footnotes 502 1 When there was no gaze movement, we did not know how the subject perceived the sound. One possibility was that the subject recognized the presence of a sound, but could not localize it. Another possibility is that the subject heard and localized the sound, but did not want to make a gaze shift due to other behavioral factors. 
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